ABSTRACT Lipid rafts and ceramide (Cer)-platforms are membrane domains that play an important role in several biological processes. Cer-platforms are commonly formed in the plasma membrane by the action of sphingomyelinase (SMase) upon hydrolysis of sphingomyelin (SM) within lipid rafts. The interplay among SMase activity, initial membrane properties (i.e., phase behavior and lipid lateral organization) and lipid composition, and the amount of product (Cer) generated, and how it modulates membrane properties were studied using fluorescence methodologies in model membranes. The activity of SMase was evaluated by following the hydrolysis of radioactive SM. It was observed that 1), the enzyme activity and extent of hydrolysis are strongly dependent on membrane physical properties but not on substrate content, and are higher in raft-like mixtures, i.e., mixtures with liquid-disordered/liquid-ordered phase separation; and 2), Cer-induced alterations are also dependent on membrane composition, specifically the cholesterol (Chol) content. In the lowest-Chol range, Cer segregates together with SM into small (~8.5 nm) Cer/SM-gel domains. With increasing Chol, the ability of Cer to recruit SM and form gel domains strongly decreases. In the high-Chol range, a Chol-enriched/SM-depleted liquid-ordered phase predominates. Together, these data suggest that in biological membranes, Chol in particular and raft domains in general play an important role in modulating SMase activity and regulating membrane physical properties by restraining Cer-induced alterations.
INTRODUCTION
Evidence points to the existence of distinct lateral domains in cell membranes that have unique physical properties different from those of the bulk membrane, and are thought to be responsible for the modulation of several biological processes. Among membrane domains, the most common are lipid rafts, which are regarded as ordered regions (liquid-ordered phase, l o ) enriched in cholesterol (Chol) and sphingolipid (SL), and float in the fluid membrane (liquid-disordered phase, l d ) (1) . Lipid rafts were shown to be involved in cell signaling, lipid and protein sorting, and membrane trafficking (2, 3) . Recently, ceramide (Cer)-platforms also emerged as an important class of membrane domains with numerous biological roles, including apoptotic signaling cascades and viral and bacterial entry (4, 5) . Similarly to lipid rafts, the specific physical characteristics of Cer-platforms are thought to be responsible for the biological effects of these domains (6) . In response to a stress signal, Cer is generated in the plasma membrane through activation of the enzyme sphingomyelinase (SMase). SMase hydrolyzes sphingomyelin (SM), which is involved in lipid raft formation. Therefore, these platforms are also believed to drive strong membrane reorganization.
Several studies carried out in model membranes addressed the effects of Cer on membrane biophysical properties upon preincorporation into the vesicles (7) (8) (9) (10) or generation by SMase (11, 12) . In the first case, alterations induced by Cer in phase characteristics and domain topology and morphology were extensively studied in different lipid mixtures (13) . It is known that Cer segregates into highly ordered gel domains, increases the order of the fluid lipids, and facilitates the transition to nonlamellar phases (14, 15) . Literature regarding the alterations induced by the generation of Cer is scarcer (16) (17) (18) (19) , but evidence points to the formation of Cer-enriched domains and reorganization of the remaining lipids in the membrane. However, the nature and characteristics of the domains, and whether they are formed by Cer itself or together with other lipids are still subjects of debate.
Regarding SMase, several reports have addressed the kinetic characterization and the factors that modulate/regulate the activity of this interfacial enzyme, such as lateral packing and thermotropic phase transitions. It is recognized that membrane physical characteristics affect SMase activity (20) , including fluidity (12, 21) , initial membrane composition and topography (22) , surface pressure (23) , and molecules, including lipids, that perturb the membrane (24) .
It is also known that Cer-induced alterations on membrane biophysical properties are dependent on the initial lipid composition (8, 9) , specifically the Chol content. However, in the absence of detailed analysis, it is difficult to establish the relationship among the enzyme activity (i.e., the ability to hydrolyze the substrate), the initial membrane composition, and the resultant physical characteristics, and how the amount of product formed modulates the properties of the different membranes.
In this study we investigated the effect of substrate concentration/membrane physical properties on SMase activity by taking advantage of the well-characterized gel-fluid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/ N-palmitoyl-sphingomyelin (PSM) binary (25) and l d -l o POPC/PSM/Chol ternary (25, 26) systems. Additionally, the membrane-induced physical alterations and lipid reorganization induced by the generated N-palmitoyl-Cer (PCer) were also extensively characterized. The results show that 1), enzyme activity is strongly dependent on membrane properties but not on substrate concentration, being higher in raftlike mixtures, i.e., mixtures presenting l d -l o phase separation; and 2), PCer-induced alterations are also dependent on the initial membrane composition, specifically the Chol content. In the lowest-Chol range, PCer segregates together with PSM into small (~8.5 nm) PCer/PSM gel domains. With increasing Chol, the ability of PCer to recruit PSM decreases, and the amount of gel phase is lower and becomes only PCer-enriched. In the high-Chol range, a Chol-enriched/ PSM-depleted l o phase predominates.
MATERIALS AND METHODS

Materials
POPC, PCer, PSM, and Rho-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) were obtained from Avanti Polar Lipids (Alabaster, AL). NBD-DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxa-diazol-4-yl)) and t-PnA (trans-parinaric acid) were obtained from Molecular Probes (Leiden, The Netherlands). Chol and SMase isolated from Bacillus cereus were obtained from Sigma (St. Louis, MO). Fig. 1 ) were prepared as previously described (9) , with minor modifications. (To simplify the text, binary mixtures are denoted as BX PSM , where X PSM refers to the fraction of PSM present in the mixture, and ternary mixtures are denoted as T1-T7. T2-T6 ternary mixtures are contained within a tie-line that spans the 1:1:1 composition in the POPC/PSM/Chol ternary phase diagram, whereas T1 and T7 lie in the ld and lo phase, respectively (25) (see Fig. 1 A) . T1 has the same composition as B20. The binary and ternary mixtures used in the study are represented in Fig. 1 .) Briefly, lipid and probe stock solutions in chloroform (except for t-PnA; see below), were mixed at the desired molar ratios and dried until the solvent was completely evaporated (first under a stream of N2 and then under vacuum). To optimize the conditions for SMase activity (21), the lipid film was hydrated with Hepes 10 mM, NaCl 200 mM, CaCl2 10 mM, MgCl2 2 mM buffer, pH 7.4 (note that changing the suspension medium in comparison to previous studies (9, 15, 25) had no effect on the photophysical parameters of the probes; data not shown). The lipid suspension was repeatedly vortexed, followed by freeze-thaw cycles (up to eight times) using liquid nitrogen and a bath warmed to 50 C. For studies with t-PnA, samples were slowly brought to room temperature and the probe was then added from an ethanol stock solution (the final ethanol volume was always less than 0.5%, to prevent bilayer destabilization (27) ). The samples were again reequilibrated by freeze-thaw cycles and subsequently kept overnight at 4 C. Before measurements were obtained, the samples were slowly brought to room temperature (24 C) and maintained at that temperature at least for 1 h. Large unilamellar vesicles (LUVs) were obtained from MLVs by means of the extrusion technique. The extrusion procedure was carried out at 50 C to ensure that all lipids were in the fluid phase. The liposomes were subsequently kept overnight at 4 C. Before the measurements were initiated, the samples were slowly heated to the required temperature (24 C) and incubated for at least 1 h. The probe/lipid (P/L) ratios used were 1:200 for NBD-DPPE, 1:100 for Rho-DOPE, and 1:500 for t-PnA.
The concentration of POPC, PSM, Chol, and PCer stock solutions was determined gravimetrically with a high precision balance (UMT2; Mettler Toledo, Columbus, OH). Probe concentrations were determined spectrophotometrically using 3(t-PnA, 299. 4 
Absorption and fluorescence
All measurements were performed in 0.5 cm Â 0.5 cm quartz cuvettes under magnetic stirring. The absorption and steady-state fluorescence instrumentation was as previously described (30) . The absorption spectra were corrected for turbidity. Steady-state fluorescence measurements were performed using previously described (9) excitation (l exc )/emission (l em ) wavelengths (358/ 430 nm for DPH, 465/536nm for NBD-DPPE, and 570/593 nm for Rho-DOPE), except for t-PnA, for which 320 nm/405 nm was used. This wavelength was chosen to prevent excitation of the Trp residues of SMase. To check that the data were not affected by l exc , control experiments were carried out in POPC/PSM/Chol and POPC/PCer mixtures under previously described conditions (9, 15) . The results were essentially the same (data not shown). All measurements were performed at 24 C using a Julabo F25 circulating water bath (Houston, TX) to maintain constant temperature and controlled with 0.1 C precision directly inside the cuvette with a thermocouple. Time-resolved fluorescence measurements with t-PnA were performed using l exc ¼ 320 nm (secondary laser of 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyrane (DCM) (25) ) and l em ¼ 405 nm. For NBD-DPPE, l exc ¼ 428 nm (Ti-Sapphire laser (26) ) and l em ¼ 536 nm were used. The data were analyzed as previously described (30) . For a decay B A FIGURE 1 Ternary phase diagrams of (A) POPC/PSM/ Chol (25) and (B) POPC/PSM/PCer (8) . The ternary mixtures used in this study are represented in A. The solid triangles correspond to T1 and T7, the mixtures that are located in the one-phase region of the diagram (l d and l o , respectively), whereas the open triangles are the raft mixtures (T2-T6). l d , l o , and G are the liquid-disordered, liquid-ordered, and gel phases, respectively. See De Almeida et al. (25) for further details. The binary mixtures used in this study are represented in both A and B as open squares. The solid squares in B represent the mixtures that result from 2 h hydrolysis of the binary POPC/PSM vesicles. In B (6,:) correspond to the hydrolysis of the raft and nonraft ternary POPC/PSM/Chol mixtures, respectively. For these mixtures, the ratio between POPC, PSM-remaining, and PCer-formed was calculated assuming that Chol was not interfering with PCer/PSM interaction. F, G 1 , and G 2 are the fluid, Cer-rich, and PSM-rich gel phases, respectively. See Castro et al. (8) for further details.
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Rafts, SMase, and Ceramide Interplaydescribed by a sum of exponentials, where a i is the normalized preexponential and t i is the lifetime of the decay component i, the lifetime-weighted quantum yield and the mean fluorescence lifetime are given by:
Characterization of SMase activity and PCer quantification
To follow PSM hydrolysis and PCer generation, the fluorescence anisotropy of the probes was measured as a function of time, at room temperature. Lipids were visualized by using a phosphorimaging screen (Fuji, Tokyo, Japan) and recovered from the TLC plates by scraping the silica into scintillation vials. Then 1 mL of methanol and 5 mL of Optima Gold Scintillation fluid (Packard, Downers Groove, IL) were added to each vial and radioactivity was quantified using a Packard 2100 b radiospectrometer.
Fö rster resonance energy transfer experiments
Förster resonance energy transfer (FRET) experiments were carried out in LUVs (1 mM total lipid concentration) containing 1), NBD-DPPE/Rho-DOPE as the donor/acceptor (D/A) pair for FRET between l o and l d phases; or 2), t-PnA/NBD-DPPE for FRET between the gel and l o phases. The P/L ratios were 1/1000 and 1/100 for donors and acceptors, respectively. For this donor P/L ratio, no donor self-quenching or energy homotransfer takes place (31) . To determine the effect of enzyme action on FRET efficiency, and therefore on lipid reorganization, fluorescence lifetimes of the probes were measured in the absence of SMase and 2 h after addition of SMase to the mixtures.
Data analysis was carried out as described by De Almeida et al. (26) (see also Eqs. S3-10 in the Supporting Material for details of the model). The FRET efficiency, E, was obtained from the time-resolved fluorescence intensity curves, through the relation E ¼ 1 À t DA =t D . (See also Silva et al. (9) for a detailed discussion regarding FRET variation for these D/A pairs in ternary mixtures in the absence of SMase.)
RESULTS
Rationale for selecting the lipid mixtures and experimental design
To study the interplay between membrane lipid composition and phase properties, and its effects on both SMase activity and Cer-induced alterations in membrane properties, two types of mixtures-POPC/PSM binary and POPC/PSM/ Chol ternary-were selected because 1), their phase behavior is well established; and 2), the photophysical properties of the selected probes in these mixtures were previously studied in detail (9, 25, 26) . For the specific case of ternary mixtures, their composition was selected so that they would be contained within a tie-line that spans the l d -l o phase coexistence region of the POPC/PSM/Chol ternary phase diagram (25) . Among the several possible tie-lines, the one that spans the mixture presenting the 1:1:1 composition was chosen (Fig. 1 A) , not only because this is considered the canonical raft mixture (32) , but also because the mixtures that define this tie-line have been extensively studied in terms of both phase properties and domain size (26) . It was essential to perform the study along a tie-line because in this case the composition of each phase is constant (given by the extremes of the tie-line) and only the fraction of the phases changes between the mixtures (lever rule), allowing for a direct comparison of the results obtained with the different mixtures (26, 33) . To simplify the text, the ternary mixtures that present l d -l o phase separation (T2-T6), and therefore mimic rafts, will also be referred to as raft mixtures.
The use of two types of mixtures makes it possible to perform studies under strict control of the system parameters, i.e., by using 1), mixtures with the same substrate content and different phase properties (e.g., l d phase and l o /l d phase coexistence, gel/fluid and l o /l d phase coexistence, and gel/fluid phase coexistence and l o phase, in binary and ternary mixtures, respectively); 2), mixtures with similar phase properties and different lipid compositions, in terms of only the substrate content or other lipid components as well (e.g., binary and ternary mixtures forming the same phase (l d phase)); and 3), mixtures in which all the relevant phases formed by SM vary, such as l d , gel/fluid, and gel in binary mixtures, and l d , l d /l o , and l o in ternary mixtures (see Fig. 1 , where the mixtures under study are plotted and the respective phase properties are identified).
To obtain detailed information concerning membrane composition and the SMase/Cer interplay, two sets of experiments were designed. First, to relate enzyme activity with membrane properties/lipid composition, the activity of SMase was thoroughly studied in each of the mixtures. In this way, information regarding whether SMase activity is controlled by the phase properties or by the substrate concentration could be obtained. Second, the amount of PCer formed in each condition was determined and the alterations induced by this lipid on the membrane physical properties were then studied using fluorescence spectroscopy. This type of experiment provides information about the ability of PCer to change the membrane properties, and the relation between the amount of PCer that is required to, e.g., induce the formation of PCer-domains and how this lipid is able to interact with the other lipid components of the membrane. This set of experiments was also used to verify whether PCer generated from SMase is able to induce the formation of large domains (Cer-platforms), and to define the nature of those domains. used in the experiment, SMase readily hydrolyzes PSM with all of the lipid compositions studied. The reaction proceeds until a plateau is reached. However, the percentage of hydrolysis is not directly related to the amount of substrate in the reaction mixture. Thus, for binary mixtures, the percentage of hydrolysis decreases with PSM content (Fig. 2 , A and C) and is always lower in comparison with the ternary mixtures containing the same amount of substrate (Fig. 2 , B and C). Of interest, in the ternary mixtures, PSM hydrolysis increases while going along the tie-line that spans the raft region in the 1:1:1 mixture (T2-T6) ( Fig. 1 A) . However, for the two ternary mixtures that lie outside the coexistence region in the l d and l o phases (T1 and T7, respectively), the extent of hydrolysis is much lower. Note that increasing PSM by as little as 2% in this 100% l o ternary mixture (T7) leads to a sharp decrease in the amount of hydrolysis (Fig. 2 , B and C). This suggests that enzyme activity is dependent on the phase composition of the mixtures, and sharply increases in the raft region (T2-T6). When only the l d or l o phase is present, the hydrolysis efficiency is much lower, suggesting that the presence of domain interfaces in the membrane, formed as a consequence of phase separation, facilitate access of the enzyme to the substrate, as previously described for other interfacial enzymes (34) and suggested for SMase (17, 19, 20) . However, there is less hydrolysis in mixtures that present gel-fluid phase coexistence, and thus packing defects, than in mixtures where only the fluid phase (l d ) is present, which shows that although these defects may facilitate SMase action, this is not the only parameter that governs enzyme activity.
Characterization of SMase activity
It should be stressed that for the ternary raft mixtures, the amount of substrate hydrolyzed is higher than 50%, as previously observed for other SM-containing bilayers (16) , which suggests that lipid translocation across the two leaflets takes place. Indeed, it was reported that Cer generation in the membrane increases the ability of the other membrane lipids to translocate (11) .
To further explore how SMase activity is regulated by the product of reaction, the amount of PCer formed ( Fig. 3 A) was determined. The fraction of PCer formed, X PCer , increases for the ternary mixtures along the tie-line and is lower for the other mixtures. In addition, a plateau in the amount of product generated is observed at earlier times in the binary mixtures and in ternary mixtures with low PSM content, and the extent of the reaction is higher in the raft mixtures with higher levels of PSM. Furthermore, the amount of PSM that remains in the ternary mixtures that define the raft region slightly decreases from T2 to T6, whereas for the other ternary and binary mixtures, the final PSM fraction is much higher (Fig. S1 ).
To better understand the relationship between the initial substrate concentration in the ternary mixtures and the amount of PCer generated, the data from Fig. 3 A were plotted as a function of X PSM (Fig. 3 B) . Of interest, up to 2 min of reaction time, X PCer generation is similar in all the mixtures within the raft region. After 5 min, the profile of PCer generation changes and the amount of PCer formed is higher for the mixtures containing more PSM. Note that this is not valid for the ternary mixture containing higher PSM levels (T7) that lie outside the coexistence region in the POPC/PSM/Chol phase diagram. After 30 min, there is a linear correlation between the product formed and the amount of initial substrate, but again only for the mixtures in the raft region.
To test whether the rate of the enzymatic reaction was directly responsible for the observed rate of product formation, the initial rate of the reaction, V 0 , was determined. V 0 corresponds to the first 2 min of reaction, before an alteration in the slope of the curve occurs, with a consequent decrease in the reaction rate. Fig. 4 shows the dependence of V 0 on membrane composition. As expected for the ternary mixtures that lie outside the l d -l o coexistence region, the initial reaction rate is lower than for those within the raft region. For these mixtures, V 0 initially increases until a certain PSM (or Chol; see below) concentration is reached, and decreases afterward. Of interest, the pattern of variation is not directly correlated to the total substrate in the mixtures, suggesting that other factors are governing the amount of PCer generated at the beginning of the reaction. Because the above data suggest a direct relationship between membrane properties and SMase activity, it is likely that the parameter dictating V 0 is the effective amount of PSM available for hydrolysis, and not the total amount of this lipid; that is, although more PSM is present in the mixtures with a higher l o phase fraction, most of the substrate is involved in the formation of this phase with Chol. Due to the strong interactions between these lipids, and the high order of the phase formed, less PSM is accessible to the enzyme. Indeed, it was previously shown that SMase preferentially hydrolyzes substrate at the boundaries of l o domains (17, 19) . As the reaction proceeds, the composition of the mixtures changes and the PSM/Chol-enriched l o phase is lost, and thus a Chol-enriched/PSM-depleted l o phase predominates. Under these conditions, more substrate is present in a more disordered phase. Furthermore, as shown in Fig. 3 B, as the time of reaction proceeds, the amount of X PCer generated correlates linearly with PSM levels.
Regarding the binary mixtures, V 0 slightly increases until 30% PSM is reached, and decreases afterward for higher PSM concentrations. This pattern is compatible with the binary phase diagram in which gel-fluid phase separation occurs at~30% PSM (25) . This suggests that the existence of a gel-fluid phase separation does not activate the enzyme, even though it introduces packing defects in the membrane. It should also be stressed that the reaction rates determined for SMase in the binary mixtures are lower than those obtained in the ternary ones, showing once again that even for higher substrate concentrations in the l d phase (e.g., B30), enzyme activity is higher in raft mixtures.
Effect of SMase-generated PCer on membrane physical properties
To study the effect of PCer generation on membrane physical properties, the variation in t-PnA fluorescence anisotropy was measured during the time course of the SMase reaction in binary and ternary lipid vesicles with different lipid compositions and phase properties. This probe is very sensitive to the formation of Cer-gel domains because its fluorescence lifetime (and thus its quantum yield) strongly increases in the gel phase (28) , and, in addition, it presents a high partition coefficient toward Cer-gel domains (8, 9, 15) . Moreover, when these domains are formed, the fluorescence anisotropy of t-PnA also sharply increases as a consequence of their high order (15) . From Fig. 5 , it is possible to conclude that the effect of PCer is dependent on the initial membrane properties. In vesicles in the fluid (l d ) phase (both binary and ternary; Fig. 5 A) , the addition of SMase leads to an instantaneous increase in t-PnA anisotropy, showing that 1), the enzyme action is very fast, as shown above and in agreement with previous studies (19, 35, 36) ; and 2), PSM hydrolysis instantly drives an alteration in membrane properties through the formation of a PCer-enriched gel phase. After~5 min of reaction, t-PnA anisotropy reaches a plateau and remains invariant up to 2 h, although more PCer is formed during this time period (Fig. 3 A) . As mentioned above, this is because the partition of t-PnA into the PCer-rich gel phase is very high and fast (9, 15) , and therefore readily reports the formation of this phase. In this way, the subsequent increase in the amount of PCer formed and, as a consequence the increase in PCer-rich gel phase, does not drive additional variation in the photophysical properties of the probe. Note that these anisotropy values indicate the coexistence of a PCerenriched gel phase and a PCer-poor fluid phase, and therefore are lower compared to those obtained for a pure gel phase (15) (Fig. 5 B) (see below for gel phase fraction determination).
In vesicles in the l o phase (T6; Fig. 5 B) , t-PnA anisotropy is high and typical of this phase (9) but remains invariant upon PCer generation, showing that under these conditions PCer-gel domain formation is minimal. This is further supported by t-PnA anisotropy in a gel-phase binary mixture (B60; Fig. 5 B) where the values are much higher than in the l o phase. For this binary mixture, the formation of PCer also does not drive changes in t-PnA fluorescence anisotropy because a PSM gel phase is being converted into a PCer gel phase. Therefore, membrane order is not strongly affected by the reaction, leading to a constant and high anisotropy that is typical of a gel phase. 
also able to recruit PSM to form gel domains. 4), With higher PCer content, the anisotropy decreases, in contrast to what is expected when more PCer is available to form a gel phase. This suggests that when more Chol is present in the mixtures, the ability of PCer to form gel domains diminishes. Plotting the data as a function of Chol content before and 2 h after SMase action (Fig. 6 A) shows that the anisotropy of t-PnA is higher for mixtures in the lowChol range than for those in the high-Chol range. Note that in the absence of enzyme, t-PnA anisotropy increases with Chol due to formation of the l o phase, whereas it decreases in the presence of enzyme because the ability of PCer to segregate into gel domains diminishes. This is further supported by the anisotropy variation of Rho-DOPE (a typical l d probe (9)) (Fig. 6 B) for the same mixtures. In the absence of SMase and with increasing Chol levels, fluorescence anisotropy decreases due to an increase in the l o phase and a consequent decrease in the surface area available (i.e., the l d phase) for probe distribution. Thus, due to energy homotransfer among Rho molecules, the anisotropy decreases (9, 26) . In the low-Chol range where PCer gel domains are formed, the probe is excluded and anisotropy decreases as a consequence of an even more efficient energy homotransfer. For higher Chol content, the anisotropy is similar in the absence and presence of SMase, demonstrating that PCer segregation into gel domains decreases. Anisotropy data obtained with NBD-DPPE, a typical l o probe (9) (Fig. 6 B) , show the same pattern, i.e., PCer generation leads to a decrease in the anisotropy of the probe only in the low-Chol range because the probe is excluded from the gel phase and energy homotransfer increases. Fig. 6 C shows that the profile of variation of t-PnA's mean fluorescence lifetime in the absence and 2 h after initiation of the enzyme reaction is similar to that obtained for anisotropy (Fig. 6 A) , further supporting the above conclusions. Additionally, the high mean fluorescence lifetime values in the low-Chol range are a fingerprint of a PCer-rich gel phase (9) . For NBD-DPPE, the mean fluorescence lifetime increases with Chol in both the absence and presence of SMase (Fig. 6 D) . However, in the presence of the enzyme, the values are lower in all of the mixtures due to the occurrence of dynamic self-quenching. In the low-Chol range, PCer-gel domain formation leads to a decrease in the area available for probe distribution and a consequent increase in dynamic self-quenching. At higher Chol content, where the ability of PCer to segregate into the gel phase is lower, the increase in dynamic self-quenching can be explained by an increase in membrane fluidity, and therefore in diffusion of the probe, because the order of a PSM-depleted l o phase is lower than that in a PSM-enriched phase (25) .
With the use of t-PnA fluorescence lifetime and anisotropy data, and knowledge of both of the photophysical parameters of the probe in a PCer gel phase and its gel-fluid partition coefficient (15), the amount of gel phase (X G ) formed by PCer can be estimated (see Eqs. 2 and 4 in Silva et al. (9) , and Eqs. S1 and S2). Fig. 7 shows the variation of X G as a function of the PCer generated, the total sphingolipid present (PSMþPCer), or the Chol content in the mixtures. For comparison, X G formed by PCer in POPC/PCer binary mixtures is also plotted. The data show that X G formed by PCer in the low-Chol range is higher than that expected for the same amount of PCer in POPC, further supporting the ability of this lipid to recruit PSM. Moreover, for the lowest Chol content, almost all of the PCer and PSM are involved in PCer/PSM gel formation. In contrast, the increase in PCer leads to a decrease in X G until only a small fraction is present, further showing the reduced ability of this lipid to segregate into a gel phase in a membrane enriched in Chol. Note that X G linearly decreases with Chol content until 33 mol % Chol is reached. Fig. 7 also shows the amount of gel phase that is directly determined from a POPC/PSM/PCer ternary phase diagram (Fig. 1 B) (8) assuming that the composition of the mixtures is given by the ratio between POPC, the amount of substrate remaining, and the product formed 2 h after the reaction begins. Under these conditions, if Chol were not affecting the interaction between these lipids, X G would increase sharply with PCer. For the lowest Chol content, this assumption is valid, i.e., the amount of PCer/PSM gel formed is similar to that predicted by the ternary POPC/PSM/PCer phase diagram, showing that Chol is not interfering with PCer's ability to drive gel-fluid phase separation. For the other mixtures, the gel phase fraction decreases, in contrast to predictions made from the ternary diagram, further supporting a role for Chol in regulating membrane properties.
The hypothesis that, in the lowest Chol range, PCer and PSM interact to form a~22% gel phase (Fig. 7) without being significantly affected by Chol is further validated through application of the model of Snyder and Freire (37) , which allows one to predict the depolarization for Rho-DOPE molecules due to a decrease in the surface area available for probe distribution. To account for the observed decrease in Rho-DOPE anisotropy in the presence of SMase (Fig. 6 B) , a reduction in area of~10.4 Å 2 is expected. This is similar to the area occupied by POPC, PSM, and PCer involved in the formation of gel phase in the mixture (~10.2 Å 2 ), confirming the presence FIGURE 7 Amount of gel phase formed in the raft mixtures as a function of (:) PCer generated, (-) total SL (PSMþPCer) present in the mixtures, and (B) Chol content. (,) X G predicted from the ternary POPC/PSM/PCer phase diagram (Fig. 1 B) assuming that Chol is not affecting the interactions among the three other lipids. The dashed line corresponds to the amount of PCer-gel phase formed in POPC/PCer mixtures (15) . See text and in the Supporting Material for further details on X G determination.
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of a gel fraction of~22% (see text in the Supporting Material for details about the parameters used in the calculations).
In summary, the data presented above demonstrate that SMase readily drives the formation of PCer, and that the effects induced by this lipid are dependent on the initial and subsequent changes in membrane properties and composition.
Effect of SMase-generated PCer on lipid lateral organization
To further study how PCer generation affects lipid lateral organization, FRET studies were carried out between D/A pairs that preferentially partition into the different phases (9) , E, is lower in the low-Chol range due to PCer-gel phase formation. This is because t-PnA partitions preferentially into the gel phase, and NBD-DPPE partitions preferentially into the fluid phase. Under these conditions, the formation of a gel phase leads to an increase in the distance between donors and acceptors, and therefore to a decrease in E. Increasing Chol decreases PCer segregation into gel domains, which is translated by an increase in E. Note that for 33% Chol, the concentration at which the level of PCer gel is significantly decreased, E becomes similar in the absence and presence of SMase.
For the NBD-DPPE/Rho-DOPE (D/A 2) pair (Fig. 8 B) in the low-Chol range, E after enzyme reaction is higher due to PCer-gel domain formation. For this D/A pair, both probes are excluded from the PCer-gel phase, and therefore as the area for probe distribution decreases, the separation distance between D and A also decreases, leading to a higher E. It is possible to determine the expected increase in FRET efficiency assuming an~10.2 Å 2 area reduction (see previous section) due to formation of the~22% gel phase, and that both D and A randomly distribute in the l d phase. Under these conditions, E should increase to~65.7%, a value that is in agreement with the experimental one (~66.5%; see text in the Supporting Material for details on the model).
When the Chol content increases, there is only a slight decrease in E for the NBD-DPPE/Rho-DOPE (D/A 2) pair (Fig. 8 B) after PCer generation. Moreover, FRET efficiency is higher compared to that for the mixtures in the absence of enzyme. This could be attributed to PCer-gel phase formation as explained for the low-Chol range. However, this cannot be the only explanation, since 1), photophysical parameters of the probes show that the amount of PCer-gel phase formed in the high-Chol range is low (Figs. 5 and 6); 2), FRET efficiency for t-PnA/NBD-DPPE (D/A 1) also shows that PCer is not able to segregate into a large amount of gel phase when in mixtures with high-Chol content; and 3), dynamic self-quenching of NBD-DPPE suggests an increase in the fluidity of the ordered phase due to a decrease in the PSM available for l o phase formation. This decrease in the order of the l o phase would result in a different D/A probe distribution, bringing donors and acceptors close together and thus a subsequent increase in E, when compared to the same mixtures in the absence of SMase. In fact, the partition of Rho-DOPE into a PSM-depleted/Chol-enriched l o phase is higher compared to a PSM/Chol-enriched l o phase (38) . Moreover, E between this D/A 2 pair further supports the presence of a small amount of PCer-rich gel in a PSMdepleted/Chol-enriched l o membrane.
By taking advantage of the t-PnA/NBD-DPPE (D/A 1) FRET data, one can estimate the size of gel domains formed by PCer/PSM when Chol content is low, because for this D/A pair the acceptor is excluded from these domains. Therefore, applying a FRET model that takes into account the existence of an exclusion area where acceptors are not able to partition will provide information regarding the size of the domains. These models were previously described in detail (9, 26) . The considerations and parameters used for the calculations are the same as those used by Silva et al. (9) , with minor modifications to account for the hydrolysis of PSM and consequent generation of PCer (see text in the Supporting Material for details). It can be concluded that for the ternary mixture with lowest Chol content (T2), the hydrolysis of PSM leads to the formation of an~22% gel phase comprised of small PCer/ PSM-enriched gel domains with an average size of~8.5 nm.
From the above, it is possible to conclude that PCer generation drives the formation of small gel domains in mixtures with low Chol content, whereas in the high-Chol range it changes the properties of the l o phase through its depletion in PSM. 
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DISCUSSION
Membrane properties and rafts control SMase activity
It is widely accepted that the interaction with the membrane of interfacial enzymes, such as phospholipase A2 (PLA2) and Chol oxidase, and the kinetic steps that lead to their adsorption to the interface, are highly regulated by the physical state of the membrane, in particular, the fluidity (23, 34, 40) . Similar behavior has been described for SMase (12, 20, 22, 41) . However, to fully understand how SMase activity is regulated, it is necessary to thoroughly explore the dependence of this enzyme on the membrane lipid composition and therefore on the membrane properties. This includes the initial physical state of the membrane, the lateral organization of the lipid phases, the concentration of substrate available for hydrolysis, and the partitioning of the substrate among the different phases. Such a detailed study becomes possible only after the phase diagrams of the relevant systems, i.e., POPC/PSM binary and POPC/PSM/Chol ternary mixtures (25), have been described. From the data in the current study, it is possible to conclude that SMase activity is strongly dependent on membrane properties and not on the amount of substrate. In binary mixtures, the extent and kinetics of hydrolysis decrease with PSM content and are very low in the ternary mixture with the highest PSM amount (Figs. 1 B and 2) .
As previously suggested, SMase activity is regulated by the fluidity of the membrane (12, 20) , because it is higher in the fluid phase than in the gel phase. However, this relationship is not direct because otherwise the ability of SMase to hydrolyze PSM would increase in the sequence
In contrast, it is evident that for a similar substrate concentration (e.g., 30% PSM) the amount of hydrolysis is higher within the l d /l o phase coexistence region (raft region) than in the l d phase (Fig. 2) . The existence of phase boundaries (domain interfaces) in the former mixtures could be a factor that governs the augmented SMase activity by facilitating its adsorption onto the membrane, as suggested for PLA2 (34) . Moreover, using atomic force microscopy, Chiantia et al. (17) and Ira and Johnston (19) showed that SMase preferentially acts on the SM present at domain interfaces. However, the existence of domain interfaces is not likely to be the sole factor governing SMase activity, since in mixtures with gel-fluid phase coexistence, PSM hydrolysis decreases (Fig. 2) . Previous studies carried out in gel phase (or liquid-condensed (LC)) membranes showed that gel-fluid (or LC-liquid expanded (LE)) phase separation increases SMase activity (20, 43, 44) due to boundary defects between the phases. Indeed, in comparison with a gel phase membrane (e.g., B80; Figs. 1 B and 2) , the existence of gel-fluid phase boundaries strongly enhances SMase activity. However, in comparison with a single l d phase, the extent of hydrolysis is lower (Fig. 2) and the reaction is slower (Fig. 4) . Moreover, the initial reaction rate decreases in the binary mixtures when gel-fluid (l d ) phase separation is reached (>30% PSM). It was recently reported that in the presence of LC-LE SM/Cer monolayers, SMase is located in the LE phase and not at the boundaries (45) , further showing that enzyme activity is not modulated only by packing defects.
It is therefore possible to conclude that SMase activity is higher in raft-like mixtures and strongly decreases in mixtures presenting a homogeneous fluid phase (i.e., only l d or l o ), gel phase or gel-fluid phase coexistence, suggesting that in biological membranes lipid rafts have a key role in the regulation of SMase activity. These conclusions support the previous suggestion that lipid rafts are required for the activation of SMase (4) .
Also of interest is the increased hydrolysis in the ternary mixtures compared to binary mixtures containing identical phase properties and substrate concentration. For instance, 5% Chol in mixture T2 leads to 20% more hydrolysis as compared to mixture B20, which are both in the l d phase. It was previously shown that Chol leads to an increase in SMase activity (11, 20) . However, this was suggested to be due to an increase in fluidity compared to the other mixtures under study, which were typically in the gel phase. In the study presented here, both mixtures were in the l d phase, and the fluidity was similar. Therefore, in this case, it is likely that the role of Chol depends on its ability to segregate PSM with a consequent increase in the local concentration of the substrate available for hydrolysis. In addition, the difference in size of the two lipids may facilitate the adsorption of the enzyme to the interface.
However, this is not valid when the Chol content is high, and thus when the l o phase is predominant. Despite the higher local PSM concentration, the initial interaction of SMase appears to decrease, as shown by the variation in the initial rate of hydrolysis, which slightly decreases for raft mixtures containing a high l o fraction (T5 and T6), and is very low when only the l o phase is present (T7) (Fig. 4) . For these lipid compositions, SMase has to interact with PSM molecules that are involved in the formation of the l o phase and thus are more ordered. As a consequence, although PSM content is higher in these mixtures, the amount of PCer initially generated (2 min) is similar in all of the mixtures. As the reaction proceeds, the l o phase is perturbed and the amount of PCer generated now becomes dependent on the amount of available PSM. Under these conditions, the order of the l o phase decreases (as also suggested by data obtained with NBD-DPPE; Figs. 6 and 8) because it becomes PSM-depleted, augmenting the diffusion of both enzyme and substrate. It is also likely that the initial formation of PCer facilitates SMase catalysis by increasing the local enzyme concentration at the boundary interfaces, as previously reported for SMase in other ternary mixtures containing Chol and SM (17, 19) . For these mixtures X G PCer is very low. Moreover, if the enzyme preferentially acts at the boundaries between these fluid phases, when the Biophysical Journal 96(8) 3210-3222 l o fraction becomes very high (from T1 to T7), the number of boundaries will decrease as a consequence of the larger size of the rafts (26) , further explaining the decrease in the initial rate of catalysis. In agreement with the variation in the initial rate of reaction (Fig. 4) is the fact that large raft domains are observed for mixtures containing X Chol R33% (26) .
Another important point that should be taken into consideration is the ability of SMase to hydrolyze more than 50% of SM only in the ternary raft mixtures, which shows that, for these mixtures, SM in the inner leaflet becomes available to the enzyme. From our data it is not possible to establish the mechanism by which SM becomes exposed to the enzyme. Previous studies suggested that this may be due to an increased ability of SM to translocate across the membrane as a consequence of Cer formation, or to perturbations in the structure of the membrane (11, 36) . Such alterations in the membrane make it difficult to perform kinetic analyses of SMase activity for longer time periods, and therefore we made no attempt to further interpret the SMase activity.
PCer-induced physical changes are dependent on membrane lipid composition
It is widely accepted that Cer generation leads to strong alterations in the membrane biophysical properties and lipid organization in both model and cell membranes (6) . However, it should be stressed that the effects of Cer are largely dependent on membrane composition, e.g., in the presence of phosphoethanolamine-containing lipids, Cer facilitates the formation of nonlamellar phases (14) , which has not been observed for PC-containing lipids (7, 15, 17) . Therefore, to know how Cer generation affects the membrane, it is necessary to determine the relationship between the lipid composition and Cerinduced alterations.
SMase activity is dependent on the membrane composition and properties; consequently, the amount of PCer generated, and thus the PCer-induced changes, also depend on these factors. In a gel phase mixture (e.g., B80), the amount of PCer formed is minimal and, in addition, the conversion of a PSM-gel into a PCer-gel phase does not lead to strong alterations in the physical properties of the membrane (Fig. 5 B) . For this particular mixture, the hydrolysis of PSM leads to the formation of a PCer-rich gel phase that segregates from the PSM-rich gel phase (Fig. 1 B) . The amount of PCer-gel formed is obtained from the ternary POPC/PSM/PCer phase diagram (Table 1) , further showing that although a relatively high fraction is formed, the physical properties remain unchanged.
In the l o phase (sample T7), a very low amount of PCer is generated, but also no significant changes are detected upon PSM hydrolysis (Fig. 5 B) . In this case, the high Chol content inhibits PCer-gel phase formation and the membrane remains in the l o phase.
In contrast, the generation of PCer in the l d phase greatly alters the membrane physical properties through the formation of PCer/PSM-enriched gel domains (Fig. 5 A) . The amount of this new phase depends on the initial contents of both PSM and Chol (see Table 1 ). It should be stressed that, in this case, a low amount of Chol (compare samples T2 and B20) favors gel-phase formation because a higher amount of PSM is hydrolyzed (Figs. 2 and 3 , and Table 1) .
PCer-induced alterations in raft mixtures are more complex and extremely dependent on Chol content. PCer segregates together with PSM to form small (~8.5 nm) PCer/ PSM-enriched gel domains when the Chol content is low, and at higher Chol concentrations the amount of gel phase formed decreases and becomes PCer-enriched/PSM-depleted (Figs. 6-8 ). From these results it is possible to conclude that Chol strongly influences the ability of PCer to segregate into gel domains. In addition, the ratio between PCer-formed and Chol present (X PCer /X Chol ) (Fig. S2) further shows that 1), PCer/PSM-enriched gel phase is formed when PCer content is higher than Chol (i.e., X PCer / X Chol > 1); 2), the gel phase is depleted in PSM and enriched in PCer when the ratio approaches one; and 3), when X PCer /X Chol < 1, the PCer-gel phase strongly decreases and the Chol-enriched l o phase dominates. Therefore, our results strongly support the hypothesis that the amount of Chol in the membrane constitutes a mechanism to regulate the effects of Cer. In this context, it is expected that the probability of Cer-enriched domain formation and, consequently, the activation of a specific Cer-dependent process is higher in a membrane poor in Chol. On the other hand, from a physical standpoint, For a situation in which two gel phases coexist, X G is the total gel phase present in the mixtures and X G(PCer) is the fraction of PCer-enriched gel phase.
x These mixtures lie within the three-phase region of the diagram and therefore contain PCer-gel and PSM-gel phase separation. { These mixtures lie within the two-gel-phase coexistence region.
Biophysical Journal 96(8) 3210-3222 a membrane rich in Chol is less susceptible to Cer formation, and therefore the activation of processes that depend on alterations in the membrane biophysical properties are less likely. Of interest, PCer-induced physical alterations in the studied raft mixtures are strongly reduced when the initial POPC/ PSM/Chol lipid composition is 1:1:1, the canonical raft mixture that is commonly ascribed as the typical cell membrane raft composition (32) .
SMase activity is dependent on PCer-induced membrane physical alterations SMase is regulated by the initial lipid composition; however, it is also dependent on the product formed (22) . A closer examination of the relationship between the final lipid composition and the amount of gel phase formed (Table 1) shows that SMase is inhibited when this phase is present. This is clearly seen in raft mixtures, where the amount of substrate remaining after hydrolysis decreases with Chol content. In these mixtures, the extent of hydrolysis is higher due to the ability of Chol to prevent PCer-gel phase formation to a great extent, i.e., SMase activity is not inhibited because the gel phase is kept to a minimum and the substrate remains available in a more fluid phase. Furthermore, it is clear from the variation of the amount of PCer formed (Fig. 3 A) that a plateau in product formation is attained at longer times when the Chol content is higher. Our results on the extent of hydrolysis (Fig. 2) and rate of reaction (Fig. 4) are similar to those reported by Fanani and Maggio (23) , who also observed inhibition of the enzyme by the product of reaction, further supporting a role of PCer in the modulation of SMase activity.
Another important factor should be taken into account concerning the mechanism of SMase regulation, and this is related to the ability of PCer to recruit PSM (8, 9) . The interaction between these lipids leads to a local increase in substrate concentration, which facilitates the reaction by bringing the substrate closer to the enzyme. As the reaction proceeds, two situations are possible, depending on the membrane composition ( Fig. 9 ): 1), the gel phase fraction is low and thus PSM hydrolysis continues (high Chol; Fig. 9 B) until only a small fraction of PSM remains in the membrane; or 2), the local increase in PCer drives PCer/PSM-enriched gel domains (low-Chol; Fig. 9 A) that on the one hand negatively regulate SMase, and on the other can trap molecules involved in signaling cascades.
In the binary mixtures, independently of their composition, PCer drives the formation of the gel phase (either a PCer/PSM-gel or a PCer-and PSM-gel; see Table 1 for further information regarding the gel phase fraction) and therefore the extent of the reaction is lower. In comparison to the ternary mixtures, a plateau in the amount of PCer formed is reached at a lower quantity, further showing that PSM hydrolysis is stopped at earlier times (Fig. 3 A) . Note that for the situation that mimics gel-fluid phase separation, i.e., LE-LC phase separation in monolayers, SMase locates and exerts its action preferentially in an LE phase, whereas the Cer-LC phase strongly decreases the catalytic rate of the enzyme (45) . In addition, enzyme activity is virtually abolished as the gel phase increases, as also shown for SM/Cer monolayers when LC percolation was attained (43).
CONCLUSIONS
The study described herein allowed analyses of the interplay among the SMase activity, membrane composition and properties, quantity of PCer-generated, and PCer-induced biophysical alterations. In this regard, it is possible to conclude that SMase activity strongly depends on the initial membrane properties and is regulated by the alterations induced by PCer. On the other hand, PCer-induced changes are also dependent on membrane properties, not only because of the extent of product generated, but also because of the initial lipid composition. Playing a key role in this interplay is Chol, which may function as a regulatory molecule in this process. Chol is required for the formation of lipid rafts in both model (25) and cell (48) membranes, and lipid rafts were shown here to regulate both enzyme activity and Cerinduced effects. It is therefore likely that Chol in particular, and lipid rafts in general, function as modulators of SMase in the cells. In fact it has been reported that lipid rafts are required for the activation of SMase in cells (4), further corroborating the hypothesis that rafts have a dual role in the regulation of enzyme-Cer interplay. Also important is the ability of SMase to instantaneously drive Cer formation, placing Cer once more as a key lipid in the modulation of biological processes. However, it is important to define the properties and the concept of the so-called ''platforms'', because if they are Cer-enriched they should segregate in the membrane as gel phase domains that are formed under specific lipid composition conditions. Moreover, it is implicit that ''platforms'' are large domains and Cer-domains are small (Fig. 9 A) . On the other hand, if the term ''platforms'' refers only to the large domains that form upon Cer generation in Chol-enriched membranes, such domains have distinctly different properties compared with the Cer-enriched domains and are likely to be Cholenriched/PSM-depleted l o domains (Fig. 9 B) .
The physical properties of the domains formed, therefore, will differ depending on the amount of Chol present in the membrane. In this context it is essential to establish whether Cer generation is involved in the regulation of biological processes, and whether the different alterations in the membrane induced by Cer constitute a mechanism to regulate a specific process. It is not unlikely that the formation of very rigid and compact Cer-enriched domains results in membrane areas that would present a higher tendency to exclude signaling molecules, which would be better accommodated in the less-ordered Chol-enriched domains. Therefore, the ability of Chol to regulate the outcome of Cer can be a means to determine which process will be activated.
Although biological membranes are much more complex than the model membranes used in this study, especially when considering protein and lipid composition, inner and outer leaflet asymmetry, and processes that modify membrane lipid composition (e.g., lipid hydrolysis/synthesis, lipid flipflop), it is likely that the general principles presented here do indeed describe the interplay among raft lipid composition, SMase activity, and Cer-induced alterations in biomembranes. For instance, studies carried out in asymmetric planar membranes show that strong interleaflet interactions occur and domain formation takes place even in the absence of proteins and despite the ability of one of the leaflets to form domains, in a manner similar to that observed in symmetric model membranes (49) . Moreover, it was shown here that SMase activity and Cer-induced changes are mainly dependent on the raft lipid composition, especially the Chol content, and therefore on the raft physical properties. Because of the high enrichment of Chol and SM in the outer leaflet of the plasma membrane, raft domains form mainly on this membrane side (1) . Therefore, the lipid vesicles used mimic the outer leaflet of the plasma membrane. From the biological perspective, an important observation results from the ability of Cer to promote transbilayer movement in raft mixtures, corroborating the previous hypothesis that activation of internal signaling cascades may indeed be modulated by Cer generated in the outer leaflet (11, 41, 50) , either by direct activation of proteins (51) or as a result of interleaflet domain coupling (52) or even lipid interdigitation (53) .
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